Direction repulsion is the illusory expansion of the angle between two directions of motion, and may occur when the two directions are presented simultaneously (an illusion) or successively (an aftereffect). Here we demonstrate that the motion direction illusion (DI) and aftereffect (DAE) have different mechanisms. Two experiments show that when the two interacting stimuli are presented to different eyes, the DI is greatly reduced but the DAE is obtained at near to full strength. These results suggest that different populations of cells within the visual pathway produce the DI and DAE.
Introduction
Direction repulsion is the misperception of a given direction of motion in a visual stimulus due to the presence of a second direction of motion in the display (Levinson & Sekuler, 1976; Marshak & Sekuler, 1979; Mather & Moulden, 1980) . The two motion directions may be presented simultaneously, to induce the motion direction illusion (DI), or successively to induce the motion direction aftereffect (DAE; Fig. 1 ).
Effects such as these can be used as tools by researchers studying adaptive processing in vision (Georgeson, 2004) . For example, Clifford (2002) argues that similar angular functions for the DAE and its orientation analogue-the tilt aftereffect (TAE)-suggest common computational and functional principles underlying adaptive processes in the visual response to motion and orientation, and perhaps other sensory modalities as well. Other researchers have used the DI to investigate visual effects of directed attention (Chen, Meng, Matthews, & Qian, 2005; Tzvetanov, Womelsdorf, Niebergall, & Treue, 2006) , and the perception of relative motion (Dakin & Mareschal, 2000) .
Recently, Grunewald (2004) showed that the DI is produced by monocular cells in the brain's motion pathway, and suggested primary visual cortex (V1) as the likely site for neural activity underlying the DI. This result is important because identifying the neural locus of activity underlying an illusion or aftereffect may limit the possible functional role in vision for that activity.
Grunewald compared direction repulsion between dichoptically presented drift directions with repulsion obtained in binocular and monocular viewing conditions, as well as a binocularly presented unidirectional (baseline) stimulus. Direction judgement errors occurred in the dichoptic condition but, importantly, were no different from those in the baseline condition, whereas the monocular and binocular conditions produced typical direction repulsion effects; strong evidence that interactions between lowlevel monocular direction-tuned cells are responsible for the DI. This notion is supported by Hiris and Blake's (1996) finding that the DI was unaffected when inducing and test drift directions were presented in different depth planes. Monocular cells, which occur only at the earliest stages of the visual pathway, cannot be tuned to binocular disparity.
Although Grunewald concluded that direction repulsion is monocular, he tested only the DI and there is evidence that the same may not be true of the DAE. In particular, Patterson and Becker (1996) were able to induce the DAE using a cyclopean display, in which the drifting dots were defined by binocular disparity information. Only binocular direction-selective cells can be adapted and tested by such a stimulus, since the drifting dots are invisible to monocular cells. Further, they found that adaptation to a luminancedefined stimulus (e.g. black dots on a red background) could produce a DAE on a cyclopean stimulus. Similar findings were reported by Burke and Wenderoth (1989) in the orientation (tilt aftereffect) domain using monocular luminance adaptation. This suggests that a common population of neurons underlies the DAE, whether the test stimulus is defined by disparity or luminance (i.e. the DAE is cue invariant). Patterson and Becker also showed the converse, that a cyclopean adaptor could induce a DAE on a luminance-defined test stimulus. Patterson (1999) has speculated that motion signals produced by disparity, luminance, or other kinds of information eventually converge onto a common motion-responsive region, most likely area hMT, and Bowd, Donnelly, Shorter, and Patterson (2000) have produced evidence that this is so in a cross-domain adaptation paradigm using drifting plaid stimuli.
In short, Patterson and Becker's (1996) results indicate that the DAE can occur as a consequence of interactions between binocular direction-tuned cells, and therefore when considered alongside Grunewald's results suggest a neuroanatomical distinction between the DI and DAE. While many cells in V1 are monocular, all cells beyond this early stage are binocular. Also suggestive in this context is Schrater and Simoncelli's (1998) finding that 2D patternsensitive mechanisms-likely to be located in extrastriate cortex-can produce a DAE.
We set out to test this apparent distinction directly. We began by replicating Grunewald's (2004) DI experiment, and the results are presented in Fig. 2a . We then applied the same interocular manipulation in a test of the DAE, the results of which are presented in Fig. 2b . The results of these preliminary experiments are clear: the dichoptically induced DI was much smaller than the binocular and monocular DI, but the DAE was unaffected by the interocular manipulation. The DI is produced largely (if not entirely; Grunewald, 2004) by interactions between monocular cells, but binocular cells produce the DAE.
Although the difference between the DI and DAE is obvious from our preliminary experiments, we wished to obtain a more precise measure of the effects. Several features of the results warranted closer investigation. First, despite evidence that the DAE is binocular it is not clear on the basis of the function in Fig. 2b whether the DAE is completely or just largely binocular; in the ipsiocular viewing condition the DAE was largest (11.0°) at the 30°d irection separation, but in the dichoptic viewing condition the same direction separation produced a DAE of only 7.6°. This may be a general result or due to sampling error. Second, an attraction effect is present for the 120°direction separation in the dichoptic viewing condition of the Grunewald replication (possibly also in Grunewald's original data), and in both viewing conditions of the analogous DAE experiment. In fact, following our replication we ran a fresh set of 17 observers on three additional direction separations-130°, 150°, and 170°-and the resultant data (presented in Figs. 2a and b following the breaks in the xaxis) continue that pattern.
1 This suggests the possibility that a binocular mechanism underlies the DAE and (to a lesser extent) the DI, but that interactions between monocular cells produce a strong DI while not contributing to the DAE. In any case, the existence or otherwise of an attractive DAE for large direction separations is theoretically important (Clifford, 2002) .
The method of adjustment employed by Grunewald and in our replication is useful for obtaining curves like those in Fig. 1 . Schematic examples of the DI (top) and DAE (bottom). Solid arrows indicate physical drift direction of the dots; open arrows indicate perceived drift direction. In a typical DI experiment, participants are required to judge the direction of just one set of dots, called the test drift direction, while the other set of dots provides the inducing drift direction. The drift directions ''repulse'' each other, and either set of dots can be cast as test or inducer. For the DAE, the observer views the adapting stimulus for an extended period (e.g. 2 min). Following this, the adapting stimulus is replaced by the test stimulus and the drift direction in the test stimulus appears repulsed from the adapting direction. In both cases perceptual repulsion is maximal for drift directions that differ by about 30°, and disappears for direction separations beyond about 120° (Grunewald, 2004; Hiris & Blake, 1996; Patterson & Becker, 1996) .
Figs. 2a and b, but it is not suitable for investigating issues such as those we raise here. For example, it is quite possible that the apparent attraction effects obtained in some conditions are due partly or entirely to confounding introduced by the starting position of the adjustable pointer, a confounding most clearly evident in Wenderoth, Rodger, and Curthoys (1968) . Although it may be possible to introduce controls for this, a far more efficient and precise measure can be obtained with a two-alternative forced-choice procedure. We therefore ran selected conditions from our preliminary experiments in a double randomly interleaved staircase paradigm. The staircase procedure manipulated the test drift direction in order to find the direction perceived as vertical in the presence of the inducing drift direction. We ran the staircases at 30°and 120°test/inducer direction separations, with monocular and dichoptic viewing conditions for the DI (Experiment A) and ipsiocular and dichoptic viewing conditions for the DAE (Experiment B).
Method

Observers
Four observers participated in both experiments, all naïve to the purpose of the research and with minimal experience as psychophysical observers.
Apparatus and stimuli
Stimuli were presented on a Dell Trinitron 20 in. monitor with a spatial resolution of 1152 by 870 pixels and a frame rate of 75 Hz, connected to a G4 Macintosh computer. Participants were seated in a dark laboratory and viewed the monitor through a Stereo Aids ScreenScope mirror stereoscope (www.stereoaids.com.au). The effective viewing distance from the monitor to each eye was 40 cm.
Motion stimuli were random dot cinematograms (RDCs) shown within a virtual aperture of 8°diameter framed by a thin grey circular fixation lock, also 8°in diameter. RDCs consisted of white (100.2 cd/ m 2 ) dots on a black (0.9 cd/m 2 ) background (contrast = 98%), with a density of 0.75 dots/deg 2 , diameter of 0.08°, and drifting at 8°/s. In Experiment A, inducing and test RDCs were presented simultaneously; in Experiment B they were temporally separated. A red fixation dot (diameter 0.25°) appeared in the middle of display and fixation was required in all conditions. The inducing (or adapting) direction was 30°or 120°clockwise from directly upward (0°). The initial test drift directions in the interleaved staircases were ±15°, and observers indicated with a keyboard press whether they perceived the test direction to be clockwise or anticlockwise of vertical. We chose to centre our test direction on vertical as we have found that doing so minimises unwanted intra-and inter-observer variability in the data. Initial step size was 2°, but from the fifth step onward step size was 1°. In each staircase the final 8 of 13 reversals were analysed, thus 16 reversals of clockwise/anticlockwise judgement formed a single data point for each participant in any given condition. Baseline direction judgement errors were measured via the same procedure in the absence of the inducing (or adapting) direction, and subtracted from each participants' test data to produce a measure of the DI (Experiment A) or the DAE (Experiment B). Grunewald (2004) . Twelve observers completed 10 replications for each of 3 viewing conditions at six direction separations between 15°and 120°, as in Grunewald's experiment. Seventeen different observers completed three additional direction separations (in the monocular and dichoptic viewing conditions only); 130°, 150°, and 170°(hence the break in the x-axis). Positive values on the y-axis indicate repulsive shifts in direction judgements, relative to judgements in the baseline condition (direction repulsion), while negative values indicate attractive shifts. Error bars indicate ±1 SEM. Motion stimuli were random dot cinematograms (RDCs) within a virtual aperture of 8°diameter framed by a circular fixation lock and viewed through a mirror stereoscope. Dot diameter 0.08°, density 0.75 dots/deg 2 , speed 4°/s, contrast 98% (white on black). Inducing drift direction was horizontal rightward (0°), test direction measured anticlockwise from 0°. Participants adjusted the orientation of a line (starting orientation 75°) to match perceived drift direction following 500 ms presentation. Stimuli and procedure matched those of Grunewald (2004) as closely as possible. Grunewald included a baseline condition (Single motion condition) alongside the three experimental viewing conditions, whereas we subtracted baseline direction judgements from each participant's data to produce a measure of the DI. (b) Averaged data from a test of interocular transfer of the DAE. The Ipsiocular condition is the DAE equivalent to the DI Monocular condition. Twelve observers, including three from the previous experiment, provided data shown to the left of the break; data shown to the right of the break were provided by the same 17 observers as in (a). In this experiment adapting and test RDCs were temporally separated to induce a DAE (see Fig. 1 ). Adaptation lasted 2 min with 5-s ''top-ups'' between each trial. Fixation was required during adapt and test phases. All other details as above.
Procedure
Experiment A (DI): Participants were first shown examples of the RDC stimuli and the task to be completed on each trial. Once participants understood the task, they observed a practice stimulus through the stereoscope and the mirrors were individually adjusted. At the beginning of each trial participants viewed the grey aperture and red fixation dot in an otherwise blank display. After 500 ms, a tone was sounded, and 500 ms later the inducing and test RDCs were added to the display. After 500 ms the RDCs, fixation dot and fixation lock were all removed from the display and a clockwise/anticlockwise judgement was required of the observer. The next trial began as soon as the computer recorded a response. Trials were blocked by inducing direction condition.
Experiment B (DAE): This experiment differed only in that the inducing (''adapting'') and test RDCs were temporally separated (see Fig. 1 ). Observers viewed the adapting RDC for 2 min to begin the first trial, and for 5 s of adaptation ''top-up'' on each subsequent trial prior to presentation of the test RDC.
Half of the observers completed Experiment A first, and half completed Experiment B first.
Results
Results are presented in Fig. 3 . Both experiments (A and B) were submitted to a 2 by 2 fully repeated measures ANOVA (repeat factors: ''viewing condition'' and ''inducing/adapting direction''). In Experiment A, both main effects were significant [viewing condition: F(1, 3) = 14.07; p = .03, inducing direction: F(1, 3) = 45.42; p = .007], as was their interaction [F(1, 3) = 15.58; p = .03]. Thus while in the dichoptic viewing condition there was no repulsion effect at the 30°inducing direction, at the 120°inducing direction there was a dichoptic attraction effect, but no effect in the monocular condition. These results replicate Grunewald's showing the DI to be monocular and together with our preliminary data provide strong evidence of a dichoptic direction attraction effect at the 120°direction separation.
In Experiment B, both main effects were significant [viewing condition: F(1, 3) = 19.42; p = .02, adapting direction: F(1, 3) = 81.1; p = .003]. However, their interaction was not significant [F(1, 3) = .29; p = .63]. Despite the significant main effect of viewing condition, planned orthogonal contrasts comparing the two viewing conditions separately at each direction separation were not significant [ipsiocular vs dichoptic at 30°: F(1, 3) = 7.55; p = .07. At 120°: F(1, 3) = 0.99; p = .39]. Repulsion and attraction effects in the ipsiocular and dichoptic viewing conditions were very similar, but it would appear that IOT of the repulsive DAE is incomplete-in fact calculated from these data this is 80%.
Comparing Figs. 3 and 2 , it is clear that all effects measured with the staircase procedure were smaller than was the case in the Grunewald replication. This is likely due to the fact that the staircases measured perceived vertical drift, whereas the corresponding 30°and 120°direction separations in Grunewald's method of adjustment involved presentation of oblique test directions. Cardinal directions are less susceptible to direction repulsion (Hiris & Blake, 1996) , and this may explain the absence of any direction repulsion in the monocular 120°and dichoptic 30°DI conditions. Aside from smaller effects, the results of Experiments A and B are consistent with those obtained via the pointer adjustment method. Note that in all the experiments presented here repulsion effects were greater for the DI than the DAE.
Discussion
These experiments confirm that the DI is produced by monocular direction-tuned neurons, and show that the DAE is produced by binocular direction-tuned neurons. Our preliminary data produced evidence of a small binocular contribution to the DI, but we did not replicate this effect in Experiment A. Experiment B produced evidence that IOT of the DAE is slightly less than 100%-evidence of a small monocular contribution to the DAE. It is there- Error bars indicate ±1 SEM. These results confirm that the DI repulsion effect is monocular, the DAE is binocular, and attraction effects occur for the dichoptic DI and all viewing conditions of the DAE.
fore possible that the different mechanisms of the DI and DAE overlap, and the repeated finding of attraction effects for the DAE and dichoptic DI is consistent with this idea. It is clear, however, that the term ''direction repulsion'' actually refers to two distinct effects-the DI and DAEproduced largely if not entirely by different populations of neurons and requiring separate neurophysiological description, and separate treatment in computational modelling of adaptive changes during the visual response to motion. Analogous illusions and aftereffects-like the DI and DAE-are not typically treated in this way (Clifford, Wenderoth, & Spehar, 2000; Mather & Moulden, 1980; Wenderoth & Johnstone, 1987) .
The findings presented here are also highly relevant to growing interest in the function of adaptive changes in the visual response to stimulation. Narrowing the likely site of activity underlying adaptive processes also narrows the likely functional role of that activity. In the case of motion perception, the complimentary contributions to vision of activity at different stages of the motion pathway have long been under intense study, and the functional role (or roles) of adaptive changes in activity within any given stage of the pathway must be tied to that stage's contribution to visual motion perception in general. Our results suggest that the DAE is produced later in the visual motion pathway than the DI, and these effects-which are commonly treated as only superficially different-are physiologically, computationally, and functionally distinct.
It is worth noting that a monocular mechanism for the DI falls in line with Dakin and Mareschal's (2000) functional hypothesis that the repulsive DI is due to an adjustment of observed motion to compensate for an inferred background motion. Although not a great deal of data has been collected that directly supports this hypothesis, such a compensatory mechanism would not need to operate dichoptically.
Further psychophysical work employing binocular rivalry, spatial specificity of adaptation, and binocular disparity tuning has the potential to more precisely identify the population of direction-selective cells responsible for the DAE. For example, psychophysical evidence suggests that monocularly induced aftereffects that arise in V1 are unaffected in magnitude when a rivalling stimulus in the unadapted eye reduces the time during which a high contrast adaptor is visible, but are reduced if the adaptor instead has low contrast (Blake, Tadin, Sobel, Raissian, & Chong, 2006) ; but that aftereffects that arise in extrastriate cortex are reduced in magnitude by rivalry during adaptation even at high contrast (van der Zwan & Wenderoth, 1994; van der Zwan, Wenderoth, & Alais, 1993) . If the DAE arises in extrastriate cortex, as suggested by the high degree of IOT in our data, it is predicted that rivalry will reduce its magnitude for both high and low contrast adapting stimuli.
